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INTEGRATED  CIRCUIT  SUSCEPTIBILITY 


1.  INTRODUCTION  AND  SUMMARY 

-V 

The  main  thrust  of  Phase  II  of  the  Integrated  Circuit  Electromagnetic 
Susceptibility  Investigation  has  been  to  develop  a model  of  the  effects  to  be 
expected  in  bipolar  integrated  circuits  under  RF  stimulus.  The  approach  has  been 
to  gather  experimental  data  on  the  RF  susceptibility  of  representative  devices  from 
the  digital  and  linear  subcategories,  and  to  analyze  the  results  to  uncover  the 
underlying  physical  phenomena.  Prior  to  the  work  reported  herein,  an  automated 


test  system  was  developed  [J]  and  used  in  studies  of  a 2-input  NAND  qate^2j.  The 
741  operational  amplifier  was  chosen  as  a representative  linear  device  since  it  is 
widely  used  by  equipment  designers. 

The  741  operational  amplifier  was  subjected  to  test  stimuli  at  the  frequencies 
of  0.22,  0.91,  3.0,  5.6,  and  9.1  GHz  in  the  automated  test  system.  The  741  was 
observed  to  be  more  susceptible  than  the  NAND  gate  to  interference  by  three  to  four 
orders  of  magnitude.  Catastrophic  failure  levels  were  similar  to  those  for  the  NAND 

gate,  but  a degradation  effect  was  found  in  the  operational  amplifier  which  was  not 

observed  in  the  NAND  gate.  ^ — ■ 

The  interference  mechanism  in  the  741  op  amp  is  rectification  of  the  RF  stimulus 

in  various  device  junctions.  This  was  also  the  case  in  the  NAND  gate  [2],  The  741 

circuit  is  quite  sensitive  to  very  small  currents  which  upset  its  normal  balanced 
operation.  Significant  interference  effects  resulted  from  RF  injection  on  any  of 
the  device's  seven  ports,  but  the  two  inputs  and  two  offset  null  ports  were 
particularly  sensitive  since  less  than  50  microwatts  of  absorbed  power  was  capable 
of  producing  large  output  voltage  changes. 

The  effects  of  the  interfering  RF  signal  can  be  modelled  with  a simple  offset 
generator  in  the  inverting  input  arm,  thus  permitting  equipment  designers  to 
estimate  overall  circuit  effects  when  the  magnitude  of  the  interference  versus  RF 
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2.  MEASURED  RF  EFFECTS  IN  THE  741  OPERATIONAL  AMPLIFIER 


U 


The  741  operational  amplifier  was  tested  to  determine  its  response  to  the 
injection  of  RF  power.  This  response  can  be:  interference,  degradation,  or 

catastrophic  failure.  Interference  is  the  condition  in  which  any  device  under  RF 
stimulus  exhibits  abnormal  behavior  but  which  disappears  when  the  stimulus  is 
removed.  Degradation  is  the  condition  in  which  a device,  which  has  been  exposed  to 
an  RF  stimulus,  exhibits  a permanent  abnormal  behavior  but  is  still  operational  to 
some  degree.  Catastrophic  failure  is  the  condition  in  which  a device,  which  has 
been  exposed  to  an  RF  stimulus,  has  failed  completely  and  will  not  respond  to  any 
type  of  input. 

In  general,  as  the  RF  power  level  is  increased,  a device  first  experiences 
interference,  then  degradation,  and  finally  failure. 

2.1  Interference  Effects  - Abnormal  behavior  of  the  741  operational  parameters  was 
observed  under  many  varied  conditions.  This  section  describes  the  test  conditions 
and  the  data  obtained  from  the  tests. 

2.1.1  Interference  Test  Plan  - The  741  is  a monolithic  bipolar  operational  amplifier 
on  a single  silicon  chip.  It  has  a high  common  mode  rejection  ratio,  a large 
differential  input  voltage  range,  a high  gain  (50,000  minimum),  a wide  range  of 
operating  voltage  (+18  volts),  an  offset  voltage  null  capability,  short  circuit 
protection,  and  no  requirement  for  external  frequency  compensation. 

During  interference  testing  the  goal  was  to  monitor  all  741  parameters  and  test 
all  combinations  of  frequency  and  RF  injection  port.  Through  this  two-fold  approach, 
the  data  base  obtained  would  be  as  complete  as  possible.  Also  all  tests  were  made 
on  an  actively-biased  741  operating  as  an  inverting  amplifier  with  a gain  of  ten. 
Therefore,  the  data  obtained  from  the  tests  were  realistic  because  the  device  was 
tested  as  an  active  device  in  a practical  situation. 
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1. 

2. 


3. 

4. 

5. 


The  following  shows  how  the  test  conditions  were  set  up: 

Ten  devices  (to  determine  any  device- to-device  variations) 

Seven  entry  ports  per  device  (i.e.,  two  inputs,  two  offset  nulls,  two 
power  supply  pins,  and  one  output) 

Five  frequencies  per  port 

Twenty  RF  power  levels  per  frequency  (including  a zero  run) 

Sixteen  circuit  parameters  per  power  level  (seven  dc  currents,  seven 
dc  voltages,  RF  power  absorbed,  and  RF  calibration  factor) 

Therefore,  112,000  (10  x 7 x 5 x 20  x 16)  data  points  were  taken. 

In  order  to  minimize  device- to-device  variation  and  simplify  analysis,  all  741 
devices  tested  were  from  one  manufacturer  and  one  date  code.  Through  this  precaution, 
internal  circuitry  variation  was  not  a parameter. 

The  741  chosen  for  test  was  in  a ten-pin  flatpack  package.  Figure  1 shows  the 
external  circuit  used  in  testing  the  741  as  an  inverting  amplifier  with  a gain  of  10. 

The  seven  pins  shown  in  figure  1 became  Injection  ports  for  RF  power.  The  test 
fixture  (shown  in  figure  2)  was  used  and  is  described  in  reference  1.  The  five  test 
frequencies  were  0.22,  0.91,  3.0,  5.6,  and  9.1  GHz.  The  power  levels  for  each 
device  covered  the  range  from  ten  microwatts  to  one  watt.  The  dc  voltages  and 
currents  were  measured  at  each  port  using  the  automated  susceptibility  measurement 
system  (figure  3)  which  stored  the  data  on  magnetic  tape.  Complete  block  diagrams 
and  explanations  of  the  automated  susceptibility  measurement  system  may  also  be 
found  in  reference  1. 

The  microwave  impedance  of  the  741  was  checked  for  any  irregularities  in  the  RF 
properties  of  the  device.  Although  the  microwave  impedance  varies  with  port,  frequency, 
and  power  level,  the  variation  is  not  great  enough  to  cause  problems  with  the  data. 

Also,  the  automated  measurement  system  monitored  RF  data  during  each  run  so  that  any 
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sudden  or  drastic  changes  in  the  RF  properties  would  be  <nown.  The  reflection 
coefficient,  which  shows  the  fraction  of  power  reflected,  of  the  inverting  input 
as  a function  of  power  is  shown  in  figure  4. 
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FIGURE  4 REFLECTION  COEFFICIENT  FOR  741 
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2-1-2  Interference  Data  - Table  1 is  a sample  listing  of  the  data  taken  for  one 
741  during  interference  testing.  These  data  were  taken  for  all  350  devices  (10 
devices  x 7 ports  x 5 frequencies).  It  is  relatively  easy  to  scan  these  listings 
to  determine  which  parameters  are  significantly  affected  by  the  RF  stimulus.  In 
general,  the  inverting  input  voltage  and  current  and  the  output  voltaqe  and  current 
(with  corresponding  supply  current  changes)  are  the  best  indicators  of  RF-induced 
effects. 

The  dc  parameters  of  interest  were  plotted  as  a function  of  absorbed  RF  power 
to  better  show  the  trend.  Each  graph  is  a composite  showing  the  data  for  all  ten 
devices  tested  in  the  same  configuration  (as  a check  on  data  precision).  For 
example,  figure  5 shows  the  output  voltage  to  be  very  sensitive  to  the  RF  power 
injected  into  offset  null  port  2 at  220  MHz.  The  complete  collection  of  plots  for 
VQUt  as  a function  of  absorbed  RF  power  for  each  combination  of  injection  port  and 
frequency  are  in  Appendix  A. 

The  plots  of  VQut  vs  pa|I)SOrbed  show  the  outPut  voltage  varies  greatly 
with  RF  power.  Even  at  the  lowest  levels  of  RF  power  that  can  be  measured  with  the 
automated  measurement  system  and  at  the  lower  frequencies,  VQU^  changes  from  its 
normal  condition.  Thus,  in  figure  5,  the  normal  output  voltage  is  -5.0  volts 
(indicated  by  the  "X"  in  the  margin)  and  the  output  voltage  corresponding  to  the 
lowest  value  of  absorbed  power  has  changed  more  than  one  volt.  Figure  5 also  shows 
a strange  phenomenon  above  2 mW  absorbed  power.  The  output  voltage  switches  and 
jumps  from  the  vicinity  of  -0  volts  to  approximately  +9  volts.  This  polarity 
switch  is  not  an  isolated  case;  rather,  it  appears  on  many  of  the  VQU^  plots  as  shown 
in  Appendix  A. 
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TABLE  1 EXAMPLE  OF  741  INTERFERENCE  SUSCEPTIBILITY  DATA 

3/H  = 120 


r(n,) 

0.7.  (dB) 

VOUT 

I GUI 

VIII 

INI 

VON 2 ION 2 

-9.000 

0.00 

-4.896 

9.79 

-0.00  0. 

0000  - 

11.84  -0.0292  - 

0.093 

9.4-2 

-6. 366 

12.73 

-0.00  0. 

0001  - 

11.80  -0.0368  - 

0.148 

3.83 

-6.521 

13.01 

-0.00  0. 

0001  - 

11.79  -0.0382  - 

0.191 

3.36 

-6.781 

13.56 

-0.00  0. 

0001  - 

11.79  -0.0390  - 

0.  '42 

7.6' 

-7.340 

14.63 

-0.00  0. 

0001  - 

11.77  -0.0408  - 

0.690 

7.70 

-7.544 

15.09 

-0.00  0. 

0001  - 

11.77  -0.0422  - 

1.225 

6.61 

-7.542 

15.03 

-0.00  0. 

0001  - 

11.76  -0.0  38  - 

1.310 

7.04 

-7.635 

15.27 

-0.00  0. 

0001  - 

11.75  -0.0454  - 

2.310 

6. 6? 

-7.4-35 

4 < n i-7 
1 ' , • : 

-0.00  0. 

0001  - 

11.72  -0.0516  - 

v.  675 

! • t'l  1 

-N  <*  « r-7 

0 . u • . 

-19.29 

0.00  -0. 

0001  - 

11.02  -0.0352  - 

1.611 

6.79 

.3  • J ^ 

-19.20 

0.00  -0. 

0008  - 

11.73  -0.0412  - 

3 . 093 

6.13 

D 7 H 
.>  • ' ^ 

-13.50 

0.00  -0. 

0001  - 

11.62  -0.0753  - 

15.719 

5.33 

9.192 

-18.38 

0.00  -0. 

0002  - 

11.49  -0.1016  - 

23 .784 

: .37 

9.151 

-18.50 

0.00  -0. 

0022  - 

11.41  -0.1174  - 

3 ' . 675 

.59 

9.005 

-18.01 

0.00  -0. 

0001  - 

11.34  -0.1314  - 

5 3. 6 1C 

;.22 

8.743 

-17.50 

0.00  -0. 

0001  - 

11.24  -0.1526  - 

^ • O } 

/ *r;c: 

'r  • 

3.421 

-16.8 

0.00  -0. 

0001  - 

11.08  -0.1330  - 

121.450 

/] . /.  0 

• 

7.907 

-15.31 

0.00  -0. 

0001  - 

10.97  -0.20  8 - 

101.  'n5 

'.66 

7.139 

-1  '.23 

0.00  -0. 

0001  - 

10.90-0.2108  - 

? ‘ V.  1 1 ) 

•!.  7? 

6.663 

-13.3'; 

0.00  -0. 

0001  - 

10.87  -0.2252  - 

Hr::) 

I ON  6 

V00+ 

x U 0 + 

VC3- 

ICC- 

VII  III 

-0.009 

-0,0 “3 4 

1 1 . 39 

o.oo 

-11.87 

-11.50 

0.0077  0.4910 

9.093 

- 7. 0350 

1 ' .99 

0.90 

-11.33 

-14.00 

-0.1303  0.6239 

0.1  G 

-0.036-'- 

11.39 

0.30 

-11.33 

-15.1c 

-0.1404  0.6 34C 

0.19 

-0.0374 

11.99 

0.90 

-11.82 

-15.00 

-0.1730  0.6666 

''*)  -1  '' 
• * r 

-0.0392 

11.99 

0.30 

-11.81 

-16.60 

-0.209C  0.7026 

0. 630 

-0.0  '06 

11.99 

0.90 

-11. 80 

-17.30 

-0.2  573  0.7308 

1.225 

-0.0  '06 

1 '.99 

0.90 

-11.31 

-17.30 

-0.2351  0.7287 

1.310 

-0.0403 

1 1 . 99 

0.90 

-11.80 

-17.30 

-0. 2587  0.7323 

2.310 

-0.0102 

11.99 

0.90 

-11.81 

-17. CO 

-0.2266  0.7202 

3.675 

-0.0053 

11.77 

21 .80 

-11.99 

-0.50 

1.2940  -0.8005 

.611 

-0.0056 

11.73 

21.50 

-11.99 

-0.50 

1.3110  -3.817' 

9.093 

-0.01  '0 

1 1 . 78 

20.90 

-1 1 .09 

-0.80 

1.2980  -0.8044 

15.719 

-0.0226 

11.73 

20.80 

-11.99 

-0.80 

1.2950  -0.8014 

23.7?'' 

-0.0272 

11.79 

20.50 

-11.99 

-0.60 

1.2370  -0.7934 

34.675 

-0.0282 

11.79 

20 . 40 

-11.99 

-0.60 

1.2650  -0.7715 

57.610 

-0.0312 

11.79 

19.90 

-11.99 

-0.70 

1.2430  -0.7494 

63.330 

-0.0360 

11.80 

10.  ‘0 

-11.99 

-0.90 

1.2110  -0.7175 

12 '.4 53 

-0.0  158 

11.81 

10.50 

-11.99 

-1.10 

1.1 620  -0.6685 

181.  ;-75 

-0.0652 

1 1 . 32 

17.10 

-11.90 

-1.50 

1.0890  -0.5955 

21$*M3 

-0.0778 

11.83 

16.60 

-11.98 

-1.60 

1.0560  -0.5624 

VON  6 

11.34 

11.81 

1 1.8C 

11.79 

11.78 

11.77 

11.77 

11.77 

11.78 
11.97 
11.97 
11.913 
11.39 
11.36 
11.86 
11.84 
11.82 

11.77 
11.67 
11.61 
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For  the  741,  the  factor  which  has  been  chosen  to  represent  the  observed  effects 
is  the  change  in  output  voltage  (a V)  for  a given  level  of  KF  power  absorbed  in  the 
device.  From  the  plots  in  Appendix  A,  the  most  susceptible  injection  ports  are  the 
inverting  and  noninverting  inputs  with  the  two  offset  null  ports  being  slightly 
less  susceptible.  The  plots  for  these  four  ports  at  0.22  GHz  exhibited  at  least  a 
one  volt  change  in  the  output  voltage  at  the  smallest  level  of  absorbed  power  that 
the  automated  system  is  capable  of  measuring.  This  power  level  falls  into  the  range 
of  40  to  100  microwatts  and  depends  on  the  RF  characteristics  of  the  injection  port. 
Since  these  four  ports  exhibit  a distinct  change  in  VQUt  at  the  smallest  power  level 
that  can  be  measured,  the  level  of  absorbed  power  that  first  causes  a change  1n  Vout 
con  only  be  estimated.  For  example,  with  RF  injected  into  the  inverting  input  at 
0.22  GHz  (figure  6),  VQUj.  has  dropped  to  -6.8  volts  from  its  normal  value  of  -5.0 
volts  for  an  absorbed  power  level  of  60  microwatts.  It  seems  reasonable  to  supDOse 
that  the  minimum  detectable  signal  would  be  at  or  below  the  microwatt  level. 

The  VQUt  plots  in  Appendix  A show  that  the  polarity  of  aV  depends  on  the 
injection  pert.  For  the  inverting  input  and  offset  null  2 ports,  the  polarity  of 
aV  is  negative  while  for  the  other  five  ports  it  is  positive.  The  AV  needed  to 

brinq  V . to  saturation  depends  on  the  polarity.  For  the  inverting  input  and 

3 out 

offset  null  2,  only  -4  to  -5  volts  are  needed  to  saturate  the  output  between  -9  and 
-10  volts  since  the  normal  output  of  the  741  test  configuration  was  -5  volts. 
However,  for  the  other  five  ports  which  have  a positive  AV,  +14  to  +15  volts  are 
needed  to  saturate  the  output  between  +9  and  +10  volts.  Since  the  polarity  switch 
of  the  output  from  one  saturation  level  to  the  other  only  occurs  after  the  output 
has  been  saturated,  the  polarity  switch  occurs  at  a lower  power  level  for  the 
devices  with  a negative  AV. 


Figure  7 shows  the  VQut  vs  Pabsorbed  pi ots  with  the  RF  injected  into  the  non- 
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As  the  frequency  increases,  the  power  level  required  to  cause  the  same  aV  also 
increases  such  that,  at  9.1  GHz,  the  output  can  not  be  saturated  with  the  maximum 
allowable  absorbed  power  (^500  mW).  This  is  true  for  all  injection  ports  on  the 
741.  All  ports  are  most  susceptible  at  the  lowest  test  frequency,  and  the 
susceptibility  decreases  as  the  frequency  increases. 

2*2  Degradation  and  Failure  Effects  - To  determine  the  susceptibility  of  the  741 
operational  amplifier  to  a severe  RF  environment,  high-power  RF  tests  were  conducted 
on  the  741.  During  these  tests,  the  741  exhibited  both  permanent  degradation  in 
performance  and  catastrophic  failure.  Figure  8 is  a photomicrograph  of  an  undamaged 
741  chip  with  the  components  labeled  according  to  the  schematic  diagram  in  figure  9. 
2*2«1  Degradation  and  Failure  Test  Plan  - High-power,  pulsed  RF  tests  were  conducted 
on  the  741  operational  amplifier  in  the  same  configuration  as  the  interference  tests. 
This  test  configuration,  which  was  an  inverting  dc  amplifier  with  a gain  of  ten,  was 
shown  in  figure  1 with  the  normal  input  of  0.5  VDC.  To  determine  the  condition  of 
the  device  after  it  was  subjected  to  the  RF  pulse,  the  input  to  the  741  was  changed 
to  a 100  Hz  sine  wave  with  a peak-to-peak  amplitude  sufficient  to  drive  the  741 
into  saturation.  Figure  10  shows  the  output  of  an  undamaged  741  as  a function  of 
the  input  voltage  with  the  100  Hz  sine  wave  as  the  input. 

Twenty  devices  were  exposed  to  a single  pulse  of  RF  energy  at  each 
combination  of  frequency  and  input  port.  The  RF  test  frequencies  were  0.22,  CJK , 
3.0,  and  5.6  GHz.  As  with  interference  testing,  each  of  the  seven  DC  ports  was 
used  as  an  injection  port  for  the  RF.  Therefore,  140  devices  (20  devices  x 7 ports) 
were  tested  at  each  frequency  for  a total  of  560  devices.  The  available  power  was 
insufficient  to  fail  the  device  at  some  combinations  of  frequency  and  port.  In 
these  cases,  the  energy  in  the  pulse  was  increased  by  Increasing  the  pulse  width. 

The  pulse  was  widened  in  steps:  0.5  msec,  1.0  msec,  2.0  msec,  5.0  msec,  and  10  msec. 
If  the  device  had  not  failed  at  10  msec  with  the  peak  power  available,  it  was 

declared  nonsusceptible  in  that  configuration. 
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0 1 
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FIGURE  10  VQut  VS  V^n  CURVE  FOR  741  UNDER  NORMAL  CONDITIONS 


Of  the  twenty  devices  allotted  for  each  configuration,  ten  were  used  to 
determine  the  approximate  level  of  failure  Including  power  level  and  pulse  width. 

The  other  ten  devices  were  used  to  verify  the  approximate  level  or  to  determine  more 
accurately  the  actual  level.  The  second  ten  devices  were  tested  using  a Bruceton- 
type  test  [2],  (This  method  was  used  just  to  close  in  on  the  actual  failure  level 


since  the  use  of  ten  devices  does  not  provide  an  adequate  sample  size  to  use  the 
Bruceton  statistics  of  mean  and  standard  deviation). 


2,2,2  ie9radat1on  and  Failure  Data  - There  were  three  types  of  failure  mechanisms 
observed  in  the  741:  metallization  failure,  junction  failure,  and  bond  wire  failure. 


However,  one  or  more  of  these  failures  does  not  guarantee  a device  failure  unless 


it  occurs  in  a vital  component  of  the  device.  Failures  in  nonvital  components  will 


only  cause  degradation.  Of  the  560  devices  exposed  to  RF,  215  devices  failed 


catastrophically,  135  devices  degraded  in  performance,  and  210  devices  exhibited  no 


lasting  effect. 
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2.2.2. 1 Degradation  - In  the  741 


, the  degradation  observed  was  an  offset  to  the 
normal  output-vs-input  curve  (figure  10).  Figure  11  shows  this  offset  in  the  output 
vs-input  curve  for  a degraded  device.  This  curve  indicates  that  the  device  still 
functions  as  an  amplifier  at  least  over  a restricted  range.  In  fact,  capacitor- 
coupled  applications  may  not  be  bothered  by  this  effect  (except  for  reliability 
factors).  With  some  input  ports,  such  as  the  offset  null  ports,  it  was  easy  to 
obtain  degraded  devices.  However,  it  was  impossible  to  degrade  a device  using  the 
output  port  as  the  RF  injection  port. 

All  three  types  o*  failure  mechanisms  were  capable  of  causing  degradation  in 
the  741.  However,  the  damage  from  any  mechanism  could  be  classified  into  one  of  two 
categories:  1)  changes  in  the  internal  offset  null  circuitry,  or  2)  changes  to  one 

of  the  two  input  transistors.  If  the  dc  path  to  either  offset  null  was  broken  by 
metallization  or  bond  wire  failures,  then  the  device  degraded  rather  than  failed. 


OFFSET 


FIGURE  11  VAllt  VS  V,n  CURVE  FOR  DEGRADED  741 
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If  the  emitter-base  junction  of  either  input  transistor  was  shorted  by  melted 
metallization  flow  across  the  junction,  then  the  device  would  be  at  least  degraded. 
This  condition  was  often  accompanied  by  failure  of  a vital  component  somewhere  else 
on  the  chip. 

2. 2. 2. 2 Catastrophic  Failure  - All  three  failure  mechanisms  were  capable  of  causing 
catastrophic  failure  in  the  741.  Of  the  215  failures,  79  were  metallization  failures, 
65  were  junction  failures,  67  were  bond  wire  failures,  and  4 were  of  undetermined 
cause.  Table  2 shows  the  types  of  failures  vs  RF  frequency  and  injection  port.  The 
power  levels  listed  in  Table  2 are  minimum  values  at  which  a failure  occurred  for 
each  combination  of  frequency  and  port,  and  the  pulse  width  listed  is  the  one 
corresponding  to  the  power  level  given. 

There  exists,  in  the  failure  data,  a device- to-device  variation  such  that  some 
devices  did  not  fail  at  the  minimum  level  given  in  table  2.  Table  3 shows  the 
maximum  no-fail  condition  observed  for  the  devices  under  test.  This  condition, 
expressed  in  power  and  pulse  width,  is  the  maximum  observed  amount  at  which  at  least 
one  device  did  not  fail  catastrophically.  These  devices  may  have  degraded  but  they 
did  not  fail  at  the  power  levels  and  pulse  widths  listed.  The  difference  in  the 
levels  for  corresponding  configurations  in  the  two  tables  gives  an  estimate  of  the 
spread  of  the  failure  levels. 

Figures  12  through  18  show  the  minimum  failure  levels(table  2)  as  a function 
of  frequency  for  each  port.  The  pulse  widths  are  included  to  indicate  the  energy 
needed  to  fail  the  device. 

Metallization  failures  for  pins  2,  3,  4,  5,  6,  and  8 are  shown  in  figures  19 
through  24.  These  failures  are  thermal  failures  caused  by  excessive  current  in  the 
metallization  stripes.  There  were  no  metallization  failures  observed  o>i  pin  7,  the 
741  output  pin. 
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X FAILURE  LEVEL  (PULSE  WIDTH  =0.5  msec) 

+ FAILURE  LEVEL  (PULSE  WIDTH  >0.5  msec) 

o MAXIMUM  POWER  INTO  CHIP  (NO  FAILURE  AT  10.0  msec  PULSE  WIDTH  ^ 

■ i 


PULSE  WIDTH  = 10.0  msec 


FREQUENCY  (GHz) 


FIGURE  15  MINIMUM  ABSORBED  RF  POWER  REQUIRED  TO  CAUSE  CATASTROPHIC  FAILURE  AT 
THE  NEGATIVE  SUPPLY  PORT 
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+ FAILURE  LEVEL  (PULSE  WIDTH  >0.5  msec)  j 

o MAXIMUM  POWER  INTO  CHIP  (NO  FAILURE  AT  10.0  msec  PULSE  WIDTH 


PULSE  WIDTH  =2.0  msec 


PULSE  WIDTH  =10.0  msec 


FREQUENCY  (GHz) 


FIGURE  16  MINIMUM  ABSORBED  RF  POWER  REQUIRED  TO  CAUSE  CATASTROPHIC  FAILURE  AT 
OFFSET  NULL  6 PORT 
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* FAILURE  LEVEL  (PULSE  WIDTH  * 0.5  msec) 

+ FAILURE  LEVEL  (PULSE  WIDTH  >0.5  msec) 

o MAXIMUM  POWER  INTO  CHIP  (NO  FAILURE  AT  10.0  msec  PULSE  WIDTH) 


PULSE  WIDTH  » 5.0  msec 


FREQUENCY  (GHz) 


FIGURE  18  MINIMUM  ABSORBED  RF  POWER  REQUIRED  TO  CAUSE  CATASTROPHIC  FAILURE  AT 
THE  POSITIVE  SUPPLY  PORT 
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FIGURE  19 


FIGURE  20 


PHOTOMICROGRAPH  OF  METALLIZATION  FAILURE  WITH  OFFSET  NULL  PORT  2 
AS  THE  INJECTION  PORT 
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FIGURE  21 


PHOTOMICROGRAPH  OF  METALLIZATION  FAILURE  WITH  THE  NON-INVERTING 
INPUT  AS  THE  INJECTION  PORT 


FIGURE  22  PHOTOMICROGRAPH  OF  METALLIZATION  FAILURE  WITH  THE  NEGATIVE 
SUPPLY  AS  THE  INJECTION  PORT 
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Junction  failures  for  pins  3,  4,  7,  and  8 are  shown  in  figures  25  through  28. 
There  were  no  junction  failures  observed  for  pins  2 and  6,  the  offset  null  pins, 
or  for  pin  5,  the  negative  supply  pin.  The  junction  failure  usually  shows  melted 
metallization  in  the  melt  channel. 

The  most  common  junction  failure  was  found  in  the  input  differential  transistor 
pair  Tj  - T2.  If  the  emitter-base  junction  of  either  transistor  fails,  the 
operational  amplifier  is  only  degraded.  A collector-base  junction  failure  In  both 
transistors  will  cause  a device  failure  because  the  two  bases  of  the  differential 
pair  will  be  tied  together  through  the  common  collector  shared  by  both  transistors. 
When  both  bases  form  a low- resistance  path  to  the  common  collector,  there  is  a 
resultant  low- resistance  path  from  base  to  base.  Thus,  the  differential  input  is 
essentially  shorted  together  and  can  not  respond  to  an  input. 

Bond  wire  failures  have  been  observed  on  pins  3,  4,  5,  6,  7,  and  8.  Figure  29 
shows  a bond  wire  failure  at  pin  4,  and  the  others  are  similar.  The  bond  wire 
failures  like  the  metallization  failures,  are  caused  by  Joule  heating.  When  the  DC 
current  and  the  RF  current  dissipate  enough  heat  In  the  bond  wire,  the  wire  melts 
and  a metallic  ball  forms  on  the  end  of  the  wire  where  the  molten  metal  settles 
after  the  break.  With  the  741,  a bond  wire  failure  on  either  offset  null  pin  is  in- 
sufficient to  cause  a catastrophic  failure.  The  l^ss  of  either  offset  null  bond 
wire  will  only  degrade  the  device.  Failures  due  to  RF  injected  on  these  pins  must 
also  be  related  to  some  other  cause.  For  example,  with  pin  6 as  the  RF  entry  port, 
the  bond  wires  of  both  pins  6 and  7 were  melted  through  at  5.6  GHz.  Since  pin  7 
is  the  output,  any  loss  of  this  bond  wire  Is  a failure. 

Since  the  mechanisms  of  catastrophic  failure  and  degradation  are  identical, 
the  factors  determining  the  severity  of  the  damage  are  the  location  of  the  failure 
mechanism  and  the  criticality  of  the  component  or  circuit  path  damaged  by  the  RF. 
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FIGURE  25  PHOTOMICROGRAPH  OF  JUNCTION  FAILURE  WITH  THE  INVERTING  INPIT 
AS  THE  INJECTION  PORT 


FIGURE  26  PHOTOMICROGRAPH  OF  JUNCTION  FAILURE  WITH  THE  NON-INVERTING 
INPUT  AS  THE  INJECTION  PORT 
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FIGURE  27  PHOTOMICROGRAPH  OF  JUNCTION  FAILURE  WITH  THE  OUTPUT  AS 
THE  INJECTION  PORT 


FIGURE  28  PHOTOMICROGRAPH  OF  JUNCTION  FAILURE  WITH  THE  POSITIVE 
SUPPLY  AS  THE  INJECTION  PORT 
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2.3  Summary  of  RF  Effects  - The  observed  data  showed  that  the  741  was  very 
susceptible  to  RF  power  in  the  frequency  range  tested. 

Figure  30  is  a summary  of  worst-case  741  susceptibility  data  for  interference 
and  failure.  These  data  were  taken  with  the  inverting  input  of  the  devices  as  the 
RF  injection  port  since  this  was  the  most  susceptible  port.  The  threshold  used  for 
the  interference  curve  was  the  RF  power  required  to  cause  a aV  of  0.5  volts  in  the 
output  voltage.  One-half  volt  aV  was  arbitrarily  chosen  as  the  interference 
threshold.  The  threshold  level  could  have  been  chosen  at  any  value  of  output 
voltage  with  a corresponding  change  in  the  plotted  results.  The  failure  thresho^ 
was  the  power  required  to  cause  the  741  to  fail  catastrophically. 

36 


MCOO/VMCLL  DOUCL4S  49Tl?OM4(/riCS  COMP4/VV  • MA9T 


MDC  E1124 

INTEGRATED  CIRCUIT  SUSCEPTIBILITY  9 AUGUST  1974 


INTEGRATED  circuit  susceptibility 


MDC  El  1 24 
9 AUGUST  1974 


3.  THEORY  OF  RF  EFFECTS  IN  BIPOLAR  DEVICES 


As  discussed  in  section  2,  the  injection  of  RF  into  the  741  causes  the  DC 
parameters  to  change  during  interference  testing.  The  mechanism  for  these  changes, 

as  in  all  bipolar  devices,  is  believed  to  be  rectification  in  the  various  on 
junctions  of  the  device. 

3.1  Rectification  - Any  pn  junction  is  capable  of  rectification  (but  within  certain 
limitations  which  are  Imposed  by  the  physical  characteristics  of  the  junction).  The 
limitations  include  frequency  and  power  level,  i.e,.  the  rectification  efficiency 
depends  on  the  frequency  and  drive  level  of  the  RF  signal.  In  the  741,  there  are  a 
multitude  of  pn  junctions  which  can  be  divided  into  one  of  two  categories,  functional 
or  parasitic.  The  functional  junctions  are  those  used  to  form  transistors  while  the 
parasitic  junctions  are  those  which  are  inherent  to  the  normal  process 

of  fabricating  bipolar  integrated  circuits.  For  example,  each  p-channel  resistor 
has  a parasitic  junction  to  substrate  and  each  npn  transistor  collector  has  a 
parasitic  junction  to  substrate.  For  a more  detailed  discussion  of  rectification  in 
bipolar  devices  see  "Bipolar  NAND  Gate  Study",  Report  MDC  El  123  (reference  2). 

Figure  31  is  a schematic  diagram  showing  the  parasitic  diodes  present  in  the 
741.  All  of  the  device  junctions  can  be  expected  to  rectify  coupled  RF  signals  to 
some  degree,  but  some  sites  will  be  more  significant  than  others.  In  order  to 
determine  which  junctions  are  the  primary  sites,  a two-fold  approach  is  used. 

First,  the  741  interference  data  must  be  studied  in  detail  to  determine  the  exact 
change  in  the  DC  parameters  under  RF  stimulus.  Second,  the  DC  response  of  each 
junction  to  RF  is  represented  by  a Norton  equivalent  generator  as  shown  in  figure  32. 
This  representation  of  the  pn  junction  under  RF  as  a Norton  generator  is  standard 
microwave  practice  [3],  From  this  approach,  the  primary  rectification  sites  can  be 

postulated  so  that  a basic  understanding  of  the  observed  Interference  data  can  be 
obtained. 
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PN  JUNCTION 


NORTON  EQUIVALENT  GENERATOR 


FIGURE  32  NORTON  EQUIVALENT  FOR  PN  JUNCTION 


3.2  Interference  Generators  in  741  - As  mentioned  in  section  2,  the  four  ports 
most  susceptible  to  RF  are  the  two  input  ports  and  the  two  offset  null  ports.  Since 
the  other  three  ports  are  less  susceptible  by  an  order  of  magnitude  or  more,  the 
generators  for  these  ports  will  not  be  covered. 

With  RF  applied  to  the  noninverting  input,  the  primary  rectification  site  is 
believed  to  be  the  emitter-base  junction  of  Ti . This  location  is  logical  because 
it  is  the  first  forward-biased  junction  which  the  RF  sees.  With  RF  applied  to  the 
inverting  input,  the  primary  recitifi cation  site  is  across  the  emitter-base  junction 
of  Tg.  With  the  differential  input  circuit,  this  is  the  "mirror  image"  of  the 
noninvert*  ;?g  case. 
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With  RF  injected  into  either  offset  null  port,  there  is  no  functional  pn 
junction  directly  in  the  RF  path.  In  these  two  cases,  the  RF  is  apparently 
rectified  in  parasitic  junctions.  With  offset  null  2 as  the  input  port,  there  are 
several  possible  parasitic  junction  rectification  sites.  R^  has  a diode  to  substrate 
and  R2  has  a diode  to  the  collector  of  T12  (as  was  shown  in  figure  31).  The  junction 
from  R2  to  the  collector  of  T12  occurs  because  both  components  are  diffused  in  the 
same  island  as  outlined  by  the  arrows  in  figure  33.  With  the  RF  injected  into 
offset  null  6,  the  analysis  is  very  similar  to  offset  null  2.  As  shown  in  figure  31, 
there  is  a diode  from  Rg  to  substrate  and  one  from  R^  to  the  collector  of  Tj2, 
similar  to  the  junction  from  R2  to  the  collector  of  T^2. 


FIGURE  33  PHOTOMICROGRAPH  OF  741  CHIP  SHOWING  THE  T]2  - RESISTOR  ISLAND 
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4.  ANALYSIS  OF  RF  EFFECTS  AND  MODEL  DEVELOPMENT 

In  this  section,  the  interference  susceptibility  data  from  section  2 will  be 
analyzed.  The  general  rectification  theory  from  reference  2 will  be  applied  to  the 
data.  Together,  the  data  and  the  general  theory  will  be  used  to  develop  a plausible 
model  for  RF  effects  in  the  741.  However,  only  primary  effects  will  be  treated; 
higher-order  effects  such  as  the  polarity  switch  from  one  saturation  level  to  the 
other  require  further  investigation. 

4.1  Ci rciit  Implications  of  Rectification  in  741  - Each  possible  rectification  site 
identified  in  section  3.2  will  be  studied  by  determining  the  effect  of  inserting  its 
Norton  generator  on  the  741  internal  circuitry.  The  effect  of  the  generator  will 
then  be  compared  to  the  actual  interference  data  for  the  corresponding  case.  An 
explanation  of  the  internal  behavior  of  the  741  for  DC  and  low  frequency  signals  is 
given  in  Appendix  B.  This  explanation  of  normal  operation  provides  a background 
for  the  analysis  of  RF  effects  in  the  same  circuitry. 

4.1.1  RF  Entering  Input  Ports  - With  RF  applied  to  the  noninverting  input,  the 
emitter-base  junction  of  Tj  is  believed  to  be  the  primary  rectification  site. 

Figure  34  shows  the  location  of  the  Norton  generator  with  the  noninverting  input  as 
the  RF  injection  port.  The  result  of  the  addition  of  this  generator  to  the  circuit 
is  an  increase  in  the  current  in  T^.  The  increase  in  current  due  to  the  generator 
is  exactly  analagous  to  the  normal  operation  explained  in  section  B.2.  Therefore, 
the  result  must  be  the  same  as  discussed  in  Appendix  B with  the  output  voltage 
becoming  more  positive.  Figure  35  shows  that  VQUt  does  become  more  positive  with 
increasing  RF  power  into  the  noninverting  input. 

With  RF  applied  to  the  inverting  input,  the  emitter-base  junction  of  T2  is 
believed  to  be  the  primary  rectification  site.  Figure  36  shows  the  Norton  generator 
for  this  case.  This  is  the  "mirror  image"  of  the  noninverting  case  discussed  above 
because  of  the  differential  input  circuit. 
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FIGURE  35  PLOT  OF  V VS  Pa5sor5ed  WITH  THE  HON- INVERTING  INPUT  AS  THE 
INJECTION  PORT  AT  3.0  GHz 


FIGURE  36  RF  GENERATOR  LOCATION  WITH  THE  INVERTING  INPUT  AS 
THE  INJECTION  PORT 
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By  similar  analysis,  the  current  through  (as  shown  in  figure  36)  produces 
the  reverse  of  the  noninverting  case  such  that  VQUt  must  become  more  negative. 

Figure  37  shows  that  VQUt  becomes  more  negative  until  it  reaches  saturation  with 
increasing  RF  power  into  the  inverting  input. 

4.1.2  RF  Entering  Offset  Null  Ports  - As  discussed  in  section  3.2,  the  primary 
rectification  sites  are  believed  to  be  the  parasitic  diodes  from  the  resistor 
networks  in  the  offset  null  circuitry.  Since  there  are  several  possible  parasitics 
which  could  be  the  rectification  sites,  each  site  will  be  analyzed. 

Figure  38  shows  two  possible  locations  for  the  Norton  generator  with  offset 
null  port  2 as  the  injection  port.  R-j  has  a diode  to  substrate  and  R 2 has  a diode 
to  the  collector  of  T^.  A Norton  generator  for  the  diode  from  R-j  would  increase 
current  through  R2  and  also  through  Ry  and  Ty  causing  1^^  to  increase.  However, 
if  I jiff  increases,  the  output  voltage  becomes  more  positive  and  this  is  not  the 
case  for  RF  entering  port  2.  The  next  parasitic  is  from  R2  to  the  collector  of 
T]2  (figure  38).  The  Norton  generator  for  this  diode  decreases  current  from  Tg  and 
R2  and  also  from  its  matched-pair  Ty  and  Ry  causing  to  decrease.  The  output 

voltage  goes  negative  (for  a decrease  in  1^*-),  and  this  is  the  case  of  RF  entering 
port  2 (figure  39). 

Port  2 is  a special  case  due  to  the  circuit  layout  on  the  chip.  As  shown  in 
figure  40,  the  metallization  path  from  port  2 to  R-|  passes  very  close  to  the 
metallization  to  the  base  of  T2.  If  the  RF  injected  into  port  2 should  couple 
across  metallization  stripes  and  inject  RF  into  port  3,  this  would  have  the  same 
effect  as  injecting  the  RF  into  the  inverting  input  but  with  some  loss  due  to 
coupling.  The  data  on  these  two  injection  ports  (Appendix  A)  uphold  this  supposition. 

I 

Therefore,  this  special  case  of  coupling  on  the  chip  is  also  a plausible  explanation 
for  the  behavior  of  the  741  under  RF  injection  into  port  2. 


.■ 


McooMwm  oouaLMm  Awr woMimca  coMMwr  - mAmr 


INTEGRATED  CIRCUIT  SUSCEPTIBILITY 


MDC  EU24 
9 AUGUST  1974 


Ib'  ‘dlff 


OUTPUT 

SECTION 


Til 


PS  (SUBSTRATE) 


FIGURE  38  RF  GENERATOR  LOCATIONS  WITH  OFFSET  NULL  2 AS  THE  INJECTION  PORT 
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FIGURE  39  PLOT  OF  VQut  VS  Pabsorbed  WITH  OFFSET  NULL  2 AS  THE  INJECTION 
PORT  AT  3.0  GHz 


FIGURE 40  PHOTOMICROGRAPH  OF  741  CHIP  SHOWING  PROXIMITY  OF  ^ 
METALLIZATION  TO  T2  BASE  METALLIZATION 
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With  offset  null  port  6 as  the  injection  port,  the  two  possible  locations  for  a 
Norton  generator  are  shown  in  figure  41.  Rg  has  a diode  to  substrate  and  Ry  has  a 
diode  to  the  collector  of  T^*  similar  to  the  junction  from  Rg  to  the  collector  of 
T-jg.  The  Norton  generator  for  the  diode  from  Rg  to  substrate  causes  the  current  in 
T 7 to  decrease  and  to  decrease.  A decrease  in  causes  the  output  voltage 

to  go  negative;  however,  the  output  voltage  goes  more  positive  with  RF  entering  port 
6 (figure  42).  As  with  port  2,  the  next  diode  from  Ry  to  the  collector  of  T^g  is 
the  parasitic  which  provides  another  rectification  site.  The  Norton  generator  for 
this  diode  causes  the  current  in  Ty  to  increase  and  1^^  to  increase.  The  output 
voltage  goes  more  positive  with  increasing  1^.^  so  this  generator  causes  the  output 
voltage  to  move  in  the  same  direction  as  the  experimental  data  (figure  42). 

Although  these  rectification  sites  may  not  definitely  cause  the  RF  effects 
observed,  they  do  provide  a very  plausible  explanation  of  the  effects. 

4.2  Input  Offset  Generator  Model  - The  foregoing  heuristic  arguments  are  useful  for 
achieving  a physical  understanding  of  what  happens  in  the  741  and  will  be  helpful 
in  planning  further  investigations,  but  they  do  not  provide  immediate  help  to  the 
users  of  this  very  sensitive  device.  There  is  a much  simpler  model  of  the 
interference  effects  available  which  leads  to  a potentially  useful  relationship  of 
device  parameters  and  circuit  parameters,  but  which  has  not  yet  been  linked  to  the 
aforementioned  physical  processes. 

Referring  to  a typical  interference  data  listing  (as  in  Table  1),  it  is 
readily  observed  that  the  voltage  at  the  inverting  input  terminal  varies 
significantly  with  the  applied  RF  signal.  In  normal  operation,  this  voltage  is  very 
near  zero  volts  (a  "virtual  ground")  due  to  the  negative  feedback  used  in  typical 
circuit  applications.  Modelling  the  nonideal  performance  of  the  amplifier  under 
interference  conditions  as  an  ideal  differential  amplifier  with  a series  offset 
generator  in  the  inverting  input  leg  achieves  a very  satisfactory  explanation  of  all 
the  observed  interference  effects  in  the  741. 
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FIGURE  41  RF  GENERATOR  LOCATIONS  WITH  OFFSET  NULL  6 AS  THE  INJECTION  PORT 


FIGURE  42  PLOT  OF  VQut  VS  Pa5sor5ed  WITH  OFFSET  NULL  6 AS  THE  INJECTION 
PORT  AT  3.0  GHz 
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Figure  43  shows  the  741  amplifier  circuit  with  the  addition  of  the  offset 
interference  generator.  The  voltage  provided  by  this  generator  to  the  inverting 
input  is  a function  of  the  RF  drive  signal  as  revealed  in  the  observed  data.  From 
figure  43,  the  voltage  and  current  equations  can  be  derived  with  the  assumption  that 
the  amplifier  is  ideal: 


'in'  ''f 


Vin  *in  Rin  + Vii  " Ve 

j _ Vout  " Vii 
!f-  R7~ 


Assume  Z.  ^ ® 
in 

Assume  Vg  ^ 0 


The  combination  of  these  three  equations  into  one  gives: 

- V + v 

V.  =-2HL_J1r.  4 v.. 
in  in  vn 

or: 

Rf  Rf  + RHn 

v»«  * ■ *!;  *<•  * -V1  (1) 

Figure  44  is  a combined  plot  of  theoretical  and  observed  values  of  equation  1. 
The  solid  line  is  the  theoretical  value  for  equation  1 with  constant  equal  to 
0.5  volt  and  the  saturation  limits  imposed  by  the  interference  test  configuration 
used.  The  plotted  points  are  from  a typical  data  run  consisting  of  10  devices. 

This  particular  case  was  observed  with  RF  applied  to  the  noninverting  input  at 
0.91  GHz  and  the  correlation  is  seen  to  be  excellent.  In  fact,  for  every  case 
tested,  the  observed  data  show  this  same  excellent  correlation,  regardless  of 
injection  port  or  frequency. 

Equation  1 permits  the  system  designer  to  assess  the  impact  of  his  choice  of 
feedback  levels  on  the  circuit  susceptibility  if  the  character  of  the  RF 
interference  signal  is  known.  For  instance,  a CW  interference  signal  will  result 
in  a constant  offset  at  the  output  which  can  be  minimized  by  cutting  the  circuit 
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gain.  Of  course,  the  impact  of  cutting  the  gain  must  be  assessed  on  the  normal 
signal  as  well.  Equation  1 will  account  for  pulsed  interference  if  the  time- 
dependent  nature  of  the  interfering  signal  is  merely  translated  to  a time-modulated 
interference  signal. 

In  order  to  use  equation  1 to  predict  the  interference  effects,  the  designer 
must  have  an  estimate  of  V^.  in  terms  of  the  RF  signal  present.  The  only  method  of 
obtaining  at  this  time  is  to  measure  it  empirically.  The  plots  in  figure  45 
show  measured  values  of  V..  as  a function  of  absorbed  RF  power  at  the  five  test 
frequencies.  The  plots  of  vs  ^absorbed  ^or  inverting  input  were  chosen 
because  the  inverting  input  is  the  most  susceptible  port  and  these  values  of  V^. 
will  be  worst-case  values.  Therefore  the  designer  has  sufficient  information  to 
use  equation  1 to  estimate  the  impact  of  his  choice  of  feedback  levels  on  circuit 
susceptibility  for  a 741. 


FIGURE  43  741  AMPLIFIER  CIRCUIT  INCLUDING  OFFSET  GENERATOR 
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5.  CONCLUSIONS 

From  the  observed  data,  the  741  demonstrates  that  it  is  highly  susceptible  to 
RF  interference.  Since  it  is  so  susceptible,  all  efforts  should  be  made  to 
isolate  it  from  high-level  RF  fields.  If  a string  of  amplifiers  is  used  to  amplify 
a low-level  signal,  the  first  amplifier  might  serve  as  a buffer  amplifier  with  a 
gain  of  one  to  cut  down  on  the  RF  effects,  especially  in  a dc-coupled  circuit. 

The  analysis  of  the  primary  RF  effects  presented  is  based  on  the  best 
information  available.  This  information  is  limited  because  there  are  so  few  entry 
ports  for  monitoring  the  effects  throughout  such  a large  circuit.  The  major 
problem  in  analyzing  the  RF  effects  is  taking  into  account  the  RF  coupling  on  the 
chip.  Therefore,  while  a precise  analysis  of  the  RF  effects  could  not  be 
accomplished,  the  analysis  provided  is  plausible,  explains  the  observed  data,  and 
follows  normal  circuit  theory  whenever  possible. 

There  are  still  many  areas  of  linear  integrated  circuit  susceptibility  which 
need  additional  study,  specifically  some  of  the  secondary  RF  effects.  However,  in 
this  single  case  of  one  device,  one  manufacturer,  one  date  code,  and  one  package 
style,  the  interference,  degradation,  and  failure  levels  have  been  characterized 
and  the  preliminary  analysis  of  the  test  data  has  been  completed. 
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B.  THEORY  OF  OPERATION 


The  741  operational  amplifier  is  a complex  electronic  circuit  made  up  of  23 
transistors,  13  resistors,  and  1 capacitor.  In  order  to  explain  the  RF  effects 
internal  to  the  device,  it  is  necessary  first  to  know  the  normal  dc  and  low 
frequency  behavior  internal  to  the  device. 

741  Block  Diagram  - Figure  B-l  is  a block  diagram  of  the  741  internal  circuitry 
(shown  in  figure  8).  There  are  four  basic  blocks  of  the  diagram:  the  differential 

amplifier,  the  balance,  the  high-gain  amplifier,  and  the  complementary  output  blocks. 
The  other  blocks  support  the  basic  blocks.  These  support  blocks  include  two 
current-limiters,  four  current  sources,  and  five  voltage  reference  blocks.  The 
arrows  on  the  diagram  indicate  the  signal  flow  from  the  input,  through  the  device, 
to  the  output.  The  block  diagram  is  divided  into  two  basic  parts,  input  and  output, 
with  only  the  voltage  reference  T^  - Rg  shared  by  both. 

741  Circuit  Operation  - The  741  is  a monolithic  integrated  circuit  which 
utilizes  matched-pair  transistors,  jumper  resistors,  a minimum  number  of  resistors, 
and  the  smallest  value  of  capacitance  possible.  The  741  has  a high  open-circuit  gain 
(50,000  minimum)  which  is  controlled  with  feedback  in  the  external  circuitry. 

The  input  half  of  the  block  diagram  is  shown  schematically  in  figure  B-2.  This 
input  section  converts  the  difference  of  two  input  voltages,  V^.  and  Vni , to  a 
current,  Ib  - Id^  which  is  the  output  for  this  section. 

The  voltage  references  and  current  sources  in  the  input  section  provide  a 
constant  current  I to  the  differential  input  pair  T]  and  T 2.  With  the  inputs 
shorted,  an  external  offset  null  potentiometer  is  adjusted  such  that  the  output 
voltage  of  the  741  is  zero.  In  order  for  the  output  voltage  to  be  zero,  the  current 
out  of  node  A must  be  Ib  (the  base  current  for  T-|g  which  just  balances  the  output 
circuitry).  Ib  is  the  difference  between  the  currents  in  Tj  and  T2  in  the  nulled 


MCOOMMLL  OOUOL4S  4STHOMimCS  COINMWV  - MJk 4 


VOLTAGE  CURRENT  VOLTAGE  L DUAL 


mmmm 


MDC  E112- 
9 AUGUST  197' 


s 


INTEGRATED  CIRCUIT  SUSCEPTIBILITY 


MDCE11?4 
9 AUGUST  19/4 


condition.  Since  Ig  is  the  null  condition,  it  will  be  ignored  for  this  analysis 
and  the  currents  in  T^  and  T2  will  be  assumed  equal  to  1/2. 

If  n°t  equal  to  V. . , the  currents  in  T-j  and  T2  are  no  longer  equal  to 

1/2.  If  is  greater  than  V^.,  there  will  be  an  1/2  increase  ( Al ) through  and 
and  a corresponding  1/2  decrease  ( -Al ) through  T 2 and  T^  since  the  total  current 
I is  constant.  The  current  (1/2)  + Al  flows  through  Tg  and  R2.  Since  Tg  and  are  a 
matched- transistor  pair  and  R2  and  R^  are  a matched-resistor  pair,  the  current 
through  T^  and  R^  is  also  (1/2)  + Al  from  node  A because  the  bases  are  tied  together. 
(1/2)  - Al  flows  through  T2,  T^,  and  R^  to  node  A.  R^  is  used  as  a low  resistance 
jumper  path  for  ease  of  fabrication  and  has  no  effect  on  the  normal  operation  of  the 
circuit.  At  node  A the  equation  is: 


which  reduces  to: 


(1/2  - Al)^  - (1/2  + aI)t  + Idiff  = 0 


1 di  f f “ 2aL 


With  1^  as  the  null  condition  current  and  as  the  signal  current,  the  total 

current  to  the  output  section  is  K - 2Al. 

The  output  section  of  the  block  diagram  is  shown  schematically  in  figure  B-3. 
This  section  converts  the  signal,  which  is  1^^  to  VQUt  after  amplifying  it  by  a 
factor  of  50,000.  The  current  amplification  takes  place  in  T^  and  T^  and  the 

conversion  to  voltage  occurs  in  T^g,  T^,  T2g,  and  T^  with  the  rest  of  the 

circuitry  providing  current  limiting  for  the  output. 
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FIGURE  B-3  OUTPUT  SECTION  OF  741  SCHEMATIC 
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Commander,  Naval  Sea  Systems  Command 
Attn:  SEA-034 
SEA-0341 
SEA-06G 

Washington,  D.  C.  20360 
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Commander,  Rome  Air  Development  Center 
Attn:  RB  (J.  Scherer) 

RBC1  (J.  Smith) 

RBCT  (H.  Hewitt) 

Griffiss  Air  Force  Base 
New  York  1 3440 

Commander,  Air  Force  Avionics  Laboratory 
Attn:  AFAL/TEA  (H.  H.  Steenbergen) 
Wright-Patterson  A.F.B.,  Ohio  45433 

Director,  Avionics  Engineering 
Attn:  EA  (C.  Seth) 

Wright-Patterson  A.F.B. 

Dayton,  Ohio  45433 

Commander,  Kirtland  Air  Force  Base 
Attn:  AFWL/DYX  (Dr.  D.  C.  Wunsch) 

New  Mexico  87117 

Commanding  Officer,  Harry  Diamond  Laboratory 
Attn:  J.  Sweton 

W.  L.  Vault 
H.  Dropkin 

Washington,  D.  C.  20438 

Commander,  Naval  Electronics  Laboratory  Center 
Attn:  Code  4800  (Dr.  D.  W.  McQuitty) 

(A.  R.  Hart) 

San  Diego,  California  92152 

Commander,  Naval  Ordnance  Laboratory 
Attn:  Code  431  (Dr.  M.  Petree) 

Dr.  J.  Malloy) 

(R.  Haislmaier) 

White  Oak 

Silver  Springs,  Maryland  20910 

Commander,  Naval  Weapons  Center 
Attn:  Code  5531  (D.  Cobb) 

Code  5535  (H.  R.  Blecha) 

China  Lake,  California  93555 

Reliability  Analysis  Center 
Rome  Air  Development  Center 
Attn:  RBRAC  (I.  Krulac) 

Griffiss  Air  Force  Base,  New  York  13441 

Commanding  Officer,  Electromagnetic  Compatibility 
Analysis  Center  (ECAC) 

Attn : CDR  Case 

J.  Atkinsor. 

North  Severn 

Annapolis,  Maryland  21402 
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Department  of  the  Navy 
Attn:  Code  7624  (J.  Ramsey) 

Naval  Ammunition  Depot 
Crane,  Indiana  47522 

Corrmander,  Naval  Electronics  Systems  Test  and 
Evaluation  Facility 
Attn:  M.  Gull  berg 

Webster  Field 

St.  Inigoes,  Maryland  20684 

Naval  Post  Graduate  School 
Attn:  Code  AB  (Dr.  R.  Adler) 

Monterey,  California  93940 

National  Bureau  of  Standards 
Attn:  J.  French 

H.  Schafft 

Washington,  D.  C.  20234 

Dr.  James  Whalen,  Room  2B 
4232  Ridge  Lea  Road 

State  University  of  New  York  at  Buffalo 
Amherst,  New  York  14226 

The  Rand  Corporation 

Santa  Monica,  California  90406 

Fairchild  Research  and  Development 

Attl^o  0200°*  M‘  Early 

4001  Miranda  Ave. 

Palo  Alto,  California  94303 

Director,  Solid  State  Technology  Center 

Princeton,  New  jersey  08540 

Mr.  J.  S.  Kilby 
5924  Royal  Lane 
Suite  150 

Dallas,  Texas  75230 

Dr.  Gordon  E.  Moore,  V.P. 

Intel  Corp. 

3065  Bowers  Road 

Santa  Clara,  California  95051 
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Bell  Telephone  Laboratories 
Attn:  Dr.  G.  E.  Smith 

unipolar  Design  Department 
600  Mountain  Avenue 
Murray  Hill,  New  Jersey  07974 


Automation  Industries 
Vitro  Laboratories  Division 
Attn:  T.  H.  Miller 
14000  Georgia  Ave. 

Silver  Springs,  Maryland  20910 

Braddock,  Dunn,  and  McDonald,  Inc. 

Attn:  J.  Schwartz 

First  National  Bank-East  (17th  Floor) 

Albuquerque,  New  Mexico  87108 

j 

R&D  Associates 
Attn:  Dr.  W.  Graham 

P.  0.  Box  3480 

Santa  Monica,  California  90406 


Illinois  Institute  of  Technology  Research  Institute 
Attn:  Dr.  Weber 

10  West  35th  St. 

Chicago,  Illinois  60616 

Research  Triangle  Institute 
Attn:  Dr.  M.  Simons 

Dr.  Burger 

Research  Triangle  Park, 

North  Carolina  27709  * 

Defense  Documentation  Center 
Cameron  Station 
Alexandria,  Virginia  22314 

Secretariat,  Advisory  Group  on  Electron  Devices 
Attn:  W.  Kramer,  Working  Group  B 
201  Varick  St. 

New  York,  New  York  10014 


76 

MCOOMNIU  DOUOLAB  4ST)tOW4UnCS  COMMWV  - *4*T 


MDC  El  124 
9 AUGUST  1974 


. 

< • *•  . 

. • • 


' 

•• 

' ^ - ••  ■■ 

‘ 

T . • * 


. - I I • 

I 

I 

- - I 

I 

*■ 

H. 


RELATED  DOCUMENTS 


1.  MDC  E0595,  "Integrated  Circuit  Electromagnetic  Susceptibility  Investigation  - Study  Phase  Report  ” dated 
5 May  1972. 

2.  MDC  E0690,  "Integrated  Circuit  Electromagnetic  Susceptibility  Investigation  Development  Phase  Report” 

dated  19  October  1972. 


3.  MDC  E0883,  "Integrated  Circuit  Electromagnetic  Susceptibility  Investigation  - Interim  Report  ho.  1”  dated 


24  August  1973 


4.  MDC  E0981,  "Integrated  Circuit  Electromagnetic  Susceptibility  Investigation  - Interim  Report  No.  2”  dated 
28  December  1973. 


S . 


5.  MDC  E1099,  "Integrated  Circuit  Electromagnetic  Susceptibility  Investigation  - Test  and  Measurement 
Svstems”  dateo  12  July  1974. 

6.  MDC  El  101.  "Integrated  Circuit  Electromagnetic  Susceptibility  Investigation  - MOS  NAND  Gate  Study”  dated 
26  July  1974. 

7 MDC  El  102.  "Integrated  Circuit  Electromagnetic  Susceptibility  Investigation  - Pulse  Interference  Study” 
dated  12  July  1974. 

8 MDC  El  103,  "Integrated  Circuit  Electromagnetic  Susceptibility  Investigation  • Package  Effects  Study”  dated 
12  July  1974. 


__ 

9.  MDC  El  123,  "Integrated  Circuit  Electromagnetic  Susceptibility  Investigation  - Bipolar  NAND  Gate  Study” 
dated  26  July  1974 

10.  MDC  E1124,  "Integrated  Circuit  Electromagnetic  Susceptibility  Investigation  - Bipolar  Op  Amp  Study”  dated 
9 August  1974. 

11.  MDC  El  125,  "Integrated  Circuit  Electromagnetic  Susceptibility  Investigation  - MOS/ Hybrid  Study”  dated 
9 Augu°*  1974. 

12.  MDC  El  126,  "Integrated  Circuit  Electromagnetic  Susceptibility  Investigation  - Susceptibility  Survey  Study" 
dated  9 August  1974. 


MCOO/V/VELL  DOUGLAS  ASTRONAUTICS  COMPANY  • CAST 

Samt  Lows,  Missouri  63166  (314)  232  0232 


/MCDONNfLL  £>  »UGL  4S 


QC- 


C ORPORA  TION 


mis  REPORT  HAS  BEEN  DELIMITED 

' 

AND  CLEARED  FOR  PUBLIC  RELIABE 

UNDER  DOD  DIRECTIVE  5200,20  AND 

NO  RESTRICTIONS  ARE  IMPOSED  UPON 


ITS  USE  AND  DISCLOSURE 


ISTRIBUTION  STATEMENT  A 


approved  for  purl i c RELEASE j 

DISTRIBUTION  UNLIMITED. 


